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a b s t r a c t
The heterochronic pathway controls temporal patterning during Caenorhabditis elegans larval develop-
ment. The highly conserved let-7 microRNA (miRNA) plays a key role in this pathway, directing the
larval-to-adult (L/A) transition. Hence, knowledge of the genetic interactome of let-7 has the potential to
provide insight into both control of temporal cell fates and mechanisms of regulation and function of
miRNAs. Here, we report the results of a genome-wide, RNAi-based screen for suppressors of let-7
mutant vulval bursting. The 201 genetic interaction partners of let-7 thus identiﬁed include genes that
promote target silencing activity of let-7, seam cell differentiation, or both. We illustrate the suitability of
our approach by uncovering the mitotic cyclin-dependent kinase CDK-1 as a downstream effector of let-7
that affects both seam cell proliferation and differentiation, and by identifying a core set of candidate
modulators of let-7 activity, which includes all subunits of the condensin II complex. We propose that the
genes identiﬁed in our screen thus constitute a valuable resource for studies of the heterochronic
pathway and miRNAs.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Proper organismal development requires faithful temporal and
spatial control of gene expression. In the nematode Caenorhabditis
elegans, the heterochronic pathway controls temporal patterning
during larval development by ensuring successive occurrence of
speciﬁc developmental programs in distinct tissues at the correct
time (Ambros and Horvitz, 1984). Heterochronic mutations may
thus cause retarded phenotypes, where developmental events
characteristic of one larval stage are reiterated during subsequent
stages, or precocious phenotypes, where stage-speciﬁc programs
are skipped in favor of subsequent programs.
A classical example of a developmental process controlled by
the heterochronic pathway is the establishment of the adult C.
elegans hypodermis (skin), which mainly consists of the large
multinuclear hyp7 syncytium as well as two sets of lateral
hypodermal blast cells called seam cells (Sulston et al., 1983;
Podbilewicz and White, 1994). The seam cells are characterized by
a stem cell-like, asymmetric division during larval stages that, in
most lineages, generates posterior daughters that maintain the
proliferative potential and anterior daughters that differentiate
and fuse to the hypodermal syncytium (Sulston and Horvitz, 1977).
This mechanism allows elongation of the hypodermis proportional
to the growth in body size during larval development. Upon
transition from larval to adult stage, seam cells cease proliferation
and terminally differentiate, i.e., they fuse into a syncytium and
express adult-speciﬁc collagens to generate an adult cuticular
structure known as alae (Singh and Sulston, 1978). These events
depend on the let-7microRNA, which accumulates strongly during
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the last larval (L4) stage (Reinhart et al., 2000). let-7 exerts its
function by binding to partially complementary sequences in the
30 untranslated regions (30 UTRs) of target mRNAs, which silences
these through inhibition of their translation or through degrada-
tion (Slack et al., 2000, Lin et al., 2003; Abrahante et al., 2003;
Großhans et al., 2005; Ding and Großhans, 2009; Bagga et al.,
2005). Loss of let-7 activity leads to failed silencing of its targets
and, consequently, continued seam cell proliferation, failed fusion,
and sustained expression of larval- instead of adult-speciﬁc
cuticular collagens (Reinhart et al., 2000). let-7 mutant animals
also display a vulval rupturing phenotype that causes their death
(Reinhart et al., 2000), but it is currently unclear if and to what
extent this is linked to the retarded heterochronic seam cell
phenotypes (Roush and Slack, 2008; Ecsedi et al., 2015).
The sequence of let-7 is invariant across animal phylogeny
(Pasquinelli et al., 2000), and a number of targets are conserved
(Slack et al., 2000; Großhans et al., 2005). Indeed, function in
inhibition of proliferation and induction of differentiation is a
common feature of let-7 from invertebrates to mammals (Büssing
et al., 2008). Thus, let-7 suppresses self-renewal of embryonic
stem cells, promotes neural stem cell differentiation, and acts as a
tumor suppressor gene (Takamizawa et al., 2004; Melton et al.,
2010; Worringer et al., 2014; Rybak et al., 2008). These functions
may involve regulation of a number of direct let-7 targets, includ-
ing oncogenes such as MYC, RAS, and HMGA2, but also cell cycle
genes such as CDK6 and CDC25A (Johnson et al., 2007; Lee and
Dutta, 2007; Sampson et al., 2007; Johnson et al., 2005).
For C. elegans let-7, previously identiﬁed direct targets include the
TRIM-NHL protein LIN-41 (Slack et al., 2000), and the transcription
factors DAF-12 (Großhans et al., 2005) and HBL-1 (Lin et al., 2003;
Abrahante et al., 2003). In addition, genetic data revealed that
hypodermal LIN-41 represses, directly or indirectly, accumulation of
the zinc ﬁnger transcription factor LIN-29 (Slack et al., 2000), which
in turn is needed for expression of the adult-speciﬁc collagen col-19
and the cell cycle inhibitor cki-1 (Rougvie and Ambros, 1995; Liu
et al., 1995; Hong et al., 1998). Hence, let-7 may promote at least
some aspects of the L/A transition by relieving LIN-29 from LIN-41-
mediated repression. Whether it additionally exerts direct repression
of cell cycle genes is currently unknown.
Here, we conducted a genome-wide study for genetic inter-
actors of let-7. The purpose of this study was two-fold. First, we
sought to identify downstream effectors to obtain a better under-
standing of let-7 function in the heterochronic pathway. Second,
we aimed to establish a genome-wide collection of modulators of
let-7 activity to identify candidate components of the miRNA
pathway (Ding et al., 2008; Hunter et al., 2013; Großhans et al.,
2005; Büssing et al., 2010; Parry et al., 2007). We illustrate the
suitability of our approach for these purposes by identifying 201
suppressors of let-7 mutant vulval bursting, establishing the
mitotic cyclin-dependent kinase CDK-1 as a downstream effector
of let-7, and uncovering a core set of candidate modulators of let-7
activity that include all subunits of the condensin II complex.
Materials and methods
A genome-wide RNAi screen for suppressors of let-7(n2853) bursting
RNAi by feeding (Timmons et al., 2001) was performed using
primarily the RNAi library from the Ahringer group (Kamath et al.,
2003) supplemented with unique clones from the Vidal library
(Rual et al., 2004). The two libraries together are predicted to
target 180578 loci representing 94% of C. elegans protein coding
genes (Kim et al., 2005). L1 stage let-7(n2853) worms synchro-
nized by hatching overnight in M9 buffer were grown in 96-well
plates at a concentration of 25 worms per well in S-medium liquid
culture with RNAi bacteria; double-stranded RNA production was
induced by IPTG (4 mM ﬁnal concentration in the bacterial growth
medium). Wells were scored for surviving adult worms after 70 h
of incubation at 25 1C using a dissecting microscope. let-7(n2853)
animals grown on mock RNAi showed a 490% penetrant bursting
phenotype under these conditions. Bacteria from positive wells
were streaked directly from the wells, and a single colony was
selected for retesting on RNAi plates at 20 1C and 25 1C as
described previously (Ding et al., 2008). For clones scoring positive
again, the RNAi plasmid was isolated, sequenced and retrans-
formed into HT115 bacteria. This new library of positive clones was
retested on RNAi plates at 20 1C and 25 1C. Bursting suppression
was scored as indicated in the legend of Table S1.
col-19::gfp assay
col-19::gfp; let-7(n2853) worms (n4100) were tested at 20 1C
and 25 1C on suppressor RNAi plates as in the bursting suppressor
screen. Worms were scored at two time points (48 h and 56 h for
25 1C and 56 h and 72 h, respectively, for 20 1C) for presence of
detectable GFP expression in the hypodermis using a Leica MZ16
FA ﬂuorescence dissection microscope. At the magniﬁcation used,
it was not possible to differentiate between expression in hyp7 or
seam cell nuclei. As let-7(n2853) worms, at the permissive tem-
perature of 15 1C, undergo a larval-to-adult transition after an L5
molt and eventually express col-19::gfp, we scored suppressors
based both on the penetrance and timing of col-19::gfp expression
as indicated in the legend of Table S3. Certain suppressors (results)
were examined further on a Zeiss Z-1 microscope and imaged with
Zeiss Axiovision software.
let-7 target and cdc-25.2 and cdk-1 30UTR reporters
The hypodermal-speciﬁc wrt-2 promoter (Aspöck et al., 1999)
and indicated 30UTRs were ampliﬁed using the primers listed in
the supplementary methods and inserted into an appropriate
Gateway donor vector. Pwrt-2, gfp::h2b::PEST (pBMF2.7) and indi-
vidual 30UTR entry vectors were recombined into the MosSCI-
compatible pCFJ150 plasmid. All plasmids were veriﬁed by
sequencing. Transgenes were integrated in single copy at a deﬁned
genomic location as described (Frokjaer-Jensen et al., 2008).
Integrant lines were outcrossed at least three times.
For examination of let-7 activity, reporter worms were sub-
jected to RNAi by feeding as for the suppressor screen and
hypodermal differentiation assay. Fluorescence intensity was
compared to the empty vector control after 32 h incubation at
25 1C using a Leica MZ16 FA ﬂuorescence dissecting microscope.
Repression of the reporter was scored independently by two
observers for penetrance and degree of repression. Scores for the
lin-41 30 UTR and the control unc-54 30UTR reporters were
compared to identify positive hits. Selected suppressors (Results)
were imaged further on a Zeiss Z-1 microscope with Zeiss Axiovi-
sion software using equal exposure times.
To assess regulation of cdk-1 and cdc-25.2 30 UTR reporter
transgenes by let-7, synchronized worms were grown for 36 h at
25 1C on plates. Worms were observed on a Zeiss Z-1 microscope with
Axiovision software using Nomarski DIC and ﬂuorescence microscopy.
Gene expression proﬁling
For microarray analysis synchronized L1 larvae were grown at
25 1C, the restrictive temperature of the temperature-sensitive
sterile glp-4(bn2) allele (Beanan and Strome, 1992), to L4 stage (33
and 34 h for glp-4(bn2) and glp-4(bn2); let-7(mn112), respectively,
to adjust for a minor growth delay of let-7 mutant animals) and
harvested in TRI Reagent (MRC). RNA was isolated according to the
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manufacturer's instructions. Total RNA (300 ng) was converted to
cDNA and ampliﬁed with 1 cycle of IVT using the Affymetrix
GeneChip WT Ampliﬁed Double Stranded cDNA Synthesis Kit,
fragmented using the Affymetrix GeneChip WT Double-Stranded
DNA Terminal Labeling Kit, and Biotin labeled using the GeneChip
WT Genechip WT Terminal Labeling Kit. 7.5 mg of labeled double-
stranded cDNA was hybridized to C. elegans tiling arrays for 16 h.
Scanning was performed with Affymetrix GCC Scan Control v.
3.0.0.1214 on a GeneChip Scanner 3000 with an autoloader. All
sequencing data generated for this study have been deposited in
NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are
accessible through GEO Series accession number GSE52910
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52910).
Raw data CEL ﬁles from tiling arrays were processed in R using
a bioconductor and the packages tilingArray and preprocessCore.
The arrays were RMA background corrected and log 2 transformed
on the oligo level using the following command:
expr o- log 2(rma.background.correct(exprs(readCel2eSet(ﬁle-
names, rotated¼TRUE)))). We mapped the oligos from the tiling array
(bpmap ﬁle from www.affymetrix.com) to the C. elegans genome
assembly ce6 (www.genome.ucsc.edu) using bowtie allowing no error
and unique mapping position. Expression levels for individual tran-
scripts were calculated by intersecting the genomic positions of the
oligonucleotides with transcript annotation (WormBase WS190) and
averaging the intensity of the respective oligonucleotides.
miRNA target enrichment analysis
In order to test the identiﬁed suppressors of let-7(n2853) for
enrichment of miRNA targets, ALG-1 binding site locations of L4
stage worms (Zisoulis et al., 2010) were downloaded from the C.
elegans version ce6 (May 2008) UCSC genome annotation database
(http://hgdownload.soe.ucsc.edu/goldenPath/ce6/database/).
Gene annotations were previously downloaded from Worm-
Base for the C. elegans genome version WS190, corresponding to
UCSC version ce6. ALG-1 binding sites were assigned to the
nearest annotated transcript using the BedTools intersect utility
(Quinlan and Hall, 2010), and 3217 unique gene IDs were extracted
from the resulting list. The number of genes expressed during L4
stage was calculated based on published expression data
(Hendriks et al., 2014). To this end, samples from a total of 9 time
points of continuous development (28–36 h) were ﬁrst normalized
for library size, averaged and log 2 transformed. We used a cutoff
of 4 (in log 2 space) to separate expressed from non-expressed
genes based on the bimodal expression distribution, yielding
15,179 expressed genes. An enrichment of putative miRNA targets
among the different classes of miRNA suppressors (see main text)
was tested by comparison against this baseline frequency of 0.212
(3217 of 15,179 genes) miRNA targets per expressed gene using a
hypergeometric test.
Results and discussion
A genome-wide RNAi screen identiﬁes 201 suppressors of the let-7
(n2853) lethality phenotype
To study the let-7 regulatory network on a global level, we
sought suppressors of the temperature-sensitive (ts) let-7(n2853)
vulval bursting phenotype in a genome-wide, RNAi-based screen.
mock RNAi
smc-4 RNAi
cdc-25.2 RNAicdk-1 RNAi
lin-41 RNAi
let-7(n2853)
Fig. 1. A genome-wide RNAi screen for suppressors of let-7(n2853) bursting. Knock-down of the indicated suppressors by RNAi rescues bursting of let-7(n2853) worms.
Vulvae are marked with asterisks. Scale bar indicates 50 mm.
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let-7(n2853) worms carry a G-to-A point mutation in the seed
sequence of the mature miRNA, leading to impaired binding and
repression of let-7 targets as well as reduced expression of the
mature miRNA (Reinhart et al., 2000). The resulting vulval bursting
phenotype at the L/A transition is highly penetrant at the restric-
tive temperature of 25 1C. At 15 1C, let-7(n2853)ts animals are
viable, but seam cells continue to divide and fail to differentiate
(Reinhart et al., 2000), whereas at an intermediate temperature,
20 1C, lethality occurs but at reduced penetrance (Großhans et al.,
2005).
In a pilot experiment, we had previously used RNAi by feeding
against genes on C. elegans chromosome I to identify suppressor
genes of the let-7(n2853) lethality at 20 1C and 25 1C (Ding et al.
2008). To expand the screen from these 2400 genes to a genome-
wide scale, we complemented the “Ahringer library” with select
RNAi clones from the “Vidal library” to cover 490% of C. elegans
genes (Kamath et al., 2003; Rual et al., 2004). Moreover, we
streamlined the screening procedure further by performing it in
liquid medium, and at only one temperature, 25 1C, followed by
rescreening of primary candidates on RNAi plates at both 20 1C
and 25 1C. Plasmids from bacteria scoring positive in the second
round of screening were isolated, sequenced, and retransformed
into bacteria, which were then utilized for a ﬁnal round of testing
for suppression. Through these three rounds of testing, we
validated 201 genes as suppressors of let-7 lethality that were
capable of restoring viability of at least 20% of the worms in one or
both conditions (Fig. 1 and Table S1). Note that some suppressed
animals retained a protruding vulva phenotype, reﬂecting incom-
plete suppression or a separate vulval defect due to depletion of
the targeted gene (see also below). Our screen also covered the
previously screened chromosome I (Ding et al., 2008), permitting
us to compare the two datasets. We found that we had re-
discovered a high 78% of the candidates identiﬁed in the previous
study (Table S1), which demonstrates the interactions to be robust
and reproducible even under distinct screening conditions.
Modulation of let-7 function by suppressors of vulval bursting
The list of 201 suppressors also contained ﬁve out of 61 genes
previously identiﬁed as enhancers of vulval bursting associated
with the weak let-7(mg279) hypomorphic allele in a total of 17,900
genes tested by RNAi (Parry et al., 2007). Although few, this
constitutes a 7.3-fold enrichment over background (p-Value¼
6104, hypergeometrical test). Possibly, the activity levels of
these speciﬁc genes need to be very tightly regulated. Hence, their
presumably greater depletion in the RNAi-sensitized strain used in
the previous study (Parry et al., 2007) might have resulted in
different effects from those seen here. Regardless of this possibi-
lity, the ﬁnding indicated a need for a better understanding of the
suppressor genes. As a ﬁrst step, we sought to determine whether
any of the let-7(n2853) suppressor genes were negative regulators
of let-7-mediated gene silencing. Hence, we developed a GFP-
based let-7 target reporter system to directly analyze let-7-activity
in hypodermal cells in vivo. We fused the hypodermis-speciﬁc wrt-
2 promoter (Aspöck et al., 1999) to a gene encoding a destabilized
nuclear GFP (GFP-H2B-PEST) followed by the 30UTR of lin-41,
which we chose as the best-characterized target of let-7 (Vella
et al., 2004). In addition to this reporter, which we termed
pREP_lin-41, we generated control reporters, pREP_unc54 and
pREP_lin41ΔLCS, which contained the unregulated unc-54 30UTR
and a lin-41 30UTR lacking a 98nt fragment required for let-7-
mediated regulation (Vella et al., 2004), respectively. All three
transgenes were integrated into the same genomic site in single
copy through Mos1 transposon-mediated single copy transgene
integration (MosSCI) (Frokjaer-Jensen et al., 2008).
The reporter system faithfully recapitulated let-7-mediated
regulation: all three reporters were highly expressed in the
hypodermis of early wild-type larvae. Subsequently, pREP_lin41,
but not pREP_unc54 or pREP_lin41ΔLCS, showed repression starting
during L4 larval stage (Fig. 2A and data not shown). This correlates
well with the accumulation of let-7 during the L4 stage (Reinhart
et al., 2000). The differences in expression between the control
reporters and pREP_lin-41 increased further when adult animals
were examined. In old adults, even the signal from the control
reporters declined substantially, presumably reﬂecting decreased
promoter activity. We conﬁrmed that repression of pREP_lin41
depended on let-7 by crossing the reporters into let-7(n2853)
mutant animals. This resulted in elevated pREP_lin41 expression
levels in L4 and adult stage animals relative to their wild-type
counterparts, whereas expression of pREP_unc54 and pRE-
P_lin41ΔLCS remained unaffected (Fig. 2A and data not shown).
Transcriptional proﬁling data from our lab recently revealed
periodic wrt-2 mRNA accumulation during larval development
(Hendriks et al., 2014), and the pREP_unc54 reporter indeed
exhibited increased wrt-2 promoter activity towards the end of
the L4 stage. As the ﬂuctuation of GFP was less than that of the
endogenous wrt-2 mRNA, we could control for this potential
source of variability in pREP_lin41 experiments by the examination
of worms carrying the pREP_unc54 control transgene. Further-
more, a reporter carrying the 30UTR of the let-7 target daf-12
(Großhans et al., 2005) (pREP_daf12) was used to test indepen-
dently for restoration of let-7 activity. Analyzing the full set of our
identiﬁed suppressors, we found 73 genes to restore repression of
a let-7 target reporter in the let-7(n2853) background while
showing no or modest repression of the control 30UTR upon RNAi
(‘target reporter positives’, Fig. 2B and Table S2).
A subset of the suppressors affect let-7-dependent hypodermis
differentiation
It was conceivable that some suppressors modulated vulval
development and/or morphogenesis in a let-7-independent man-
ner, thus preventing bursting indirectly. Consistent with this
notion, we frequently observed protruding vulva (Pvl) phenotypes
upon suppressor RNAi on wild-type as well as on let-7(n2853)
animals (Table S1). Therefore, we wished to examine suppression
of another let-7 mutant phenotype, outside the vulva. We utilized
a previously established Pcol-19::gfp reporter (Abrahante et al.,
1998) to examine whether hypodermal cell differentiation was
also restored upon depletion of the suppressor genes. Transcrip-
tion of col-19, an adult-speciﬁc cuticular collagen gene, requires
the zinc-ﬁnger transcription factor LIN-29 (Rougvie and Ambros,
1995; Liu et al., 1995) (Fig. 3A), which, however, does not
accumulate in let-7(n2853) mutant animals (Reinhart et al.,
2000). Accordingly, Pcol-19::gfp is not expressed in let-7 mutant
animals (Fig. 3B). By contrast, depletion of 102 of the 201 let-7
suppressor genes resulted in GFP accumulation in adult animals
(‘col-19 positives’, Fig. 3B and Table S3). Hence, depletion of these
genes restores at least some aspect of hypodermal cell differe-
ntiation, further supporting their function in the heterochronic
pathway.
let-7 suppressor genes can be grouped into four functional classes
Taken together, the results of the three different assays that
measure restoration of viability, let-7 target gene repression, and
restoration of seam cell differentiation, yield four different groups
of suppressor genes (Fig. S2). ‘Suppressor-only’ genes are posit-
ive for restoration of viability, but none of the other assays.
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These genes may be enriched for false positive hits, modulate let-7
functions that are currently unknown, or act in tissues other than
the hypodermis.
The three other classes contain genes that are all positive for
restoration of viability, and additionally one or both of the other
assays. Thus, ‘target reporter-only’ genes are positive for target
reporter repression, but not for Pcol-19::gfp expression. In a linear
model, where increased let-7 target repression would proportion-
ally enhance let-7-dependent cellular differentiation, these genes
may be false positive hits. However, it seems equally possible that
modulation of the developmental phenotype, measured by Pcol-
19::gfp expression, needs restoration of target gene repression
beyond a certain threshold, and/or that the sensitivities of the two
assays differ. Finally, the genes in this class may only alter activity
of some let-7 target genes, with hypodermis differentiation
depending at least in part on some targets whose activity we have
not measured here.
Genes in the ‘col-19-only’ group affect Pcol-19::gfp expression
without apparent effects on let-7 target gene silencing. These
genes might act downstream of, or in parallel to, let-7, potentially
as direct let-7 targets or indirect effectors, and we provide a
detailed dissection of one example below.
Finally, a group of 36 genes scored positive in both the target
reporter and the col-19 expression assays (Table 1) and constitute
the ‘double-positive’ class. Although the mechanisms by which
these genes function remain to be established, they are strong
candidates for modulators of let-7 activity. Notably, this list
includes all ﬁve members of the C. elegans condensin II complex,
namely smc-4, mix-1, kle-2, capg-2, and hcp-6 (Csankovszki et al.,
2009) as well as plk-1, the C. elegans orthologue of Polo-like kinase
wild-type wild-type
pREP_lin-41 pREP_lin-41∆LCS
let-7(n2853)
GFP
DIC
mock RNAi lin-41 RNAi
cdc-25.2 RNAi cdk-1 RNAi
smc-4 RNAi mix-1 RNAi
let-7(n2853); pREP_lin-41
Fig. 2. let-7 suppressor RNAi restores repression of a let-7 target reporter. (A) Repression of a let-7 target reporter (Pwrt-2::gfp::lin-41 30UTR, “pREP_lin-41”) in late L4 worms
depends on let-7 and is lost upon mutation of the let-7 complementary sites (pREP_lin-41ΔLCS). Vulvae are marked with asterisks. (B) GFP intensity in pREP_lin-41, let-7
(n2853) worms subjected to the indicated RNAi; pictures were taken at the young adult stage. RNAi against smc-4 and mix-1, but not against the other genes, causes
repression of the reporter. Scale bar indicates 50 mm.
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(Ouyang et al., 1999), a known regulator of condensins in human
HeLa cells (Abe et al., 2011). RNAi of the condensin II complex
has been shown to result in chromosome condensation and
segregation defects both in mitosis and meiosis (Hagstrom et al.,
2002; Stear and Roth, 2002), but in addition to its structural
functions, the complex was reported to bind to interphase chro-
matin in C. elegans where it acts as a transcriptional repressor
(Kranz et al., 2013). Although we have currently no mechanistic
explanation for the ability of condensin II to modulate let-7
activity, the identiﬁcation of this entire complex further corrobo-
rates the robustness of our analysis, and makes condensin II a
particularly interesting candidate miRNA pathway factor.
Most novel suppressors are unlikely to be direct let-7 targets
Zisoulis et al. (2010) previously identiﬁed candidate miRNA
targets through their association with the miRNA Argonaute
protein ALG-1. Interestingly, we found that 81 out of 201 suppres-
sors as well as 41 out of the 102 ‘col-19 positive’ suppressors were
also bound by ALG-1. This represents a moderate enrichment of
1.9-fold for both classes compared to the 3217 ALG-1 bound
mRNAs in a total of 15,179 genes expressed in L4 (total suppres-
sors: p-Value¼5.11010, ‘col-19 positives’: p-Value¼9.9106,
hypergeometric test; see Methods). To determine whether a subset
of these genes was indeed regulated by let-7, we compared gene
expression patterns of wild-type and let-7(mn112) null mutant
worms at the late L4 stage using C. elegans tiling arrays. Because
let-7 activity has not been reported in the germline, we performed
these experiments in germline-less glp-4(bn2) mutant animals
(Beanan and Strome, 1992), to examine gene expression levels
speciﬁcally in somatic tissues (Fig. 4 and S1). Analysis of the data
did reveal robust overexpression of the published let-7 targets lin-
41 (4.17 fold) and daf-12 (2.1 fold) in let-7(mn112) compared to
wild-type worms. By contrast, most of the novel suppressors did
not change in let-7 mutant worms. This ﬁnding implies that,
consistent with the moderate enrichment of ALG-1 binders, the
majority of let-7 suppressors are not direct let-7 targets. This
notion is also supported by our recent ﬁnding that vulval bursting
of let-7 mutant animals is explained by dysregulation of only LIN-
41 (Ecsedi et al., 2015). Alternatively, some of these genes may
either be let-7 targets regulated through mechanisms that do not
involve substantial mRNA degradation, e.g., translational control,
or their downregulation may occur in only a subset of tissues,
making detection impossible in whole worm RNA.
let-7 regulates CDK-1 expression in a LIN-29-dependent manner
Since gene expression proﬁling failed to reveal new let-7 targets or
downstream effectors, we sought to ﬁnd speciﬁc examples of such
genes by examining the ‘col-19-only’ suppressors. Previous work on
cultured cells revealed that let-7 targets include a cyclin-dependent
kinase, CDK6, and a CDK-regulating phosphatase, CDC25A (Johnson
mock RNAi lin-41 RNAi
cdk-1 RNAi cdc-25.2 RNAi
smc-4 RNAi mix-1 RNAi
let-7 col-19lin-29lin-41
let-7(n2853); Pcol-19::gfp
Fig. 3. RNAi of let-7(n2853) suppressors restores hypodermis differentiation. (A) Activation of the adult-speciﬁc col-19 promoter is controlled by let-7 through activation of
the transcription factor LIN-29. (B) Expression of col-19::gfp in let-7(n2853) worms subjected to the indicated RNAi; pictures were taken at the young adult stage (100
magniﬁcation). RNAi against cdk-1 and cdc-25.2 but not against smc-4 or mix-1 causes upregulation of the reporter.
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et al., 2007). Although the functional relevance of these interactions
remained unclear, let-7 has a conserved function in regulation of cell
proliferation (Büssing et al., 2008). We were thus intrigued by the
identiﬁcation of ncc-1/cdk-1 (Mori et al., 1994; Boxem et al., 1999) and
its activating phosphatase cdc-25.2 (Kim et al., 2010) among this class of
suppressors of vulval bursting. To place the two genes in the pathway,
we tested whether their depletion suppressed also vulval bursting
caused by the let-7(mn112) null mutation, which we found to be the
case. We observed 97% rescue of bursting for cdk-1 RNAi and 99%
rescue for cdc-25.2 (n4200 each). About half of the surviving worms
were vulvaless (data not shown). Although suppression of bursting
might therefore, in part, be indirect, restoration of col-19::gfp expression
in the hypodermis supported speciﬁcity of the genetic interaction
(Fig. 3, Table S3). To examine this further, we analyzed the formation of
adult alae in let-7(mn112) mutant animals. Strikingly, whereas only 9%
(n¼32) of let-7(mn112) animals on mock RNAi displayed any alae, 51%
(n¼47) of animals on cdk-1(RNAi) and 41% (n¼27) of animals on cdc-
25.2(RNAi) did. Similar to the lin-41(RNAi) positive control, knockdown
of cdk-1 and cdc-25.2 virtually always resulted in partial, rather than
complete alae, whereas the occasional animals on mock RNAi typically
exhibited weak but complete alae. Hence, cdk-1 and cdc-25.2 exhibit
hallmarks of a downstream effector of let-7.
Based on these results it seemed possible that cdk-1 and cdc-
25.2 were direct targets of let-7. Because let-7 targets that are
regulated in a tissue-speciﬁc manner and/or through translational
repression might not be evident from whole animal gene expres-
sion studies by microarray, we generated cdk-1 and cdc-25.2 30
UTR reporters to assess their potential for regulation by let-7.
When we analyzed these reporters, pREP_cdk1 and pREP_cdc-25.2,
respectively, we found them both to be repressed in L4 stage
animals in both seam cells and the hyp7 syncytium relative to the
unregulated pREP_unc54 control reporter (Fig. 5). For pREP_cdk1
this repression was more pronounced in hyp7 than the seam,
whereas the opposite was true for pREP_cdc-25.2. However,
whereas the positive control pREP_lin-41 was efﬁciently dere-
pressed in the let-7(n2853) mutant background, this was not
observed for pREP_cdk-1 and pREP_cdc25.2 in either tissue. We
conclude that although the 30 UTRs of these two mitotic genes
Table 1
List of suppressors positive for both target reporter repression and hypodermis differentiation assay (‘double-positive’ genes). Shown are all genes which upon RNAi rescue
both adult hypodermis formation (Pcol-19::gfp reporter assay) as well as repression of a let-7 target reporter (Pwrt-2::gfp-H2B-PEST::lin-41-30UTR or Pwrt-2::gfp-H2B-PEST::
daf-12-30UTR) in let-7(n2853) animals. Pcol-19::gfp reporter assay: weak (þ), medium (þþ) or strong (þþþ) activation of GFP upon RNAi. let-7 target reporter: weak (þ),
medium (þþ) or strong (þþþ) repression of GFP upon RNAi.
Predicted
gene
col-19 activation Target reporter repression Function
25 1C 20 1C
49 h 58 h 56 h 72 h lin-41 daf-12 unc-54
(ctrl.)
Cell cycle/chromosome maintenance and
segregation
hcp-6 — þþ — þþþ þþ þþþ þ Condensin II subunit
capg-2 — þþ — þþþ þþ þ — Condensin II subunit
kle-2 þ þþþ — þþþ þ — — Condensin II subunit
smc-4 — þþ — þþ þþ — — Condensin II subunit
mix-1 — — — þþ þþþ — — Condensin II subunit
scc-3 þ þþþ — þþþ — þ — Cohesin subunit
cyb-3 þ þþ — þþþ þþ — — Cyclin B
plk-1 þ þþ — þþþ þ þ — Polo-like kinase
knl-2 — þþ — þþ þþþ þþ — Kinetochore associated
him-1 þþ þþþ — þþþ þ — — Structural maintenance of
chromosome family
DNA/replication lig-1 þ þþ — þþþ þ — — DNA ligase
Y47D3A.29 — þ — — — þþ — DNA polymerase alpha subunit
pri-1 — þþ — þþ þþþ þþ — DNA primase
ruvb-2 — þ — þ þþ þ — Recombination protein homolog
rpa-1 — þ — þ — þþ — Replication protein A homolog
mRNA biogenesis rpb-7 — þ — þ þþ þ — RNA Pol II subunit
cpsf-2 — — — þ þþ þþ — Cleavage and polyadenylation
speciﬁcity factor
symk-1 — þ — — þ þ — Cleavage and polyadenylation factor
prp-21 þ þ — þþ — þ — Splicing factor related
uaf-1 — — — þþ þþ þþ — Splicing factor related
Ribosome biogenesis C37H5.5 — þ — þ — þ — Nucleolar complex protein 3 homolog
C47E12.7 — þ — — — þ — Ribosomal RNA processing protein
1 homolog
K12H4.3 — þ — — — þ — Ribosome biogenesis protein BRX1
homolog
Nuclear transport npp-3 — þ — þ — þþ — Nuclear pore protein
npp-9 — þ — — þþ þþ — Nuclear pore protein
npp-6 þ þþ — þ þþþ þþþ þ Nuclear pore protein
xpo-2 þ þ — þþ þ þ — Nuclear export receptor
Other aco-2 þ þþ — þþ þþ — — Aconitase
pyp-1 þ þ þ þþ þ — — Pyrophosphatase, nucleosome
remodeling?
ani-1 þ þ — þþ þ — — Actin binding protein
dut-1 — — — þþ þ — — DeoxyUTPase
toe-1 — — — þ — þ — Target of ERK kinase MPK-1
nhr-25 þþþ þþþ þþþ þþþ þ þ — Nuclear hormone receptor
T06E6.1 — — — þ — þ —
F44G4.1 — — — þ þ — —
C16A3.4 — þ — — — þþ —
Control hda-1 — — — — — — — Randomly chosen ‘suppressor-only'
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might confer post-transcriptional repression at the L4 stage, when
let-7 is present, this seems unlikely to be a consequence of let-7
function.
We therefore wondered if cdk-1 functioned further downstream of
let-7 in the heterochronic pathway. We utilized a previously published
cdk-1::gfp single copy-integrated transgene, which drives expression of
a functional fusion protein from the native cdk-1 promoter (Shirayama
et al., 2012), to examine the effect of let-7 on CDK-1 accumulation. We
observed that CDK-1/GFP was present in early L4-stage seam cells, but
that its levels declined rapidly upon entry into adulthood (Fig. 6A).
However, down-regulation was impaired in let-7(n2853) mutant
animals where CDK-1/GFP was well visible in the seam cell cytoplasm
and, prominently, nucleus. To understand better why CDK-1/GFP
protein levels responded so strongly to loss of let-7 activity although
let-7 did not appear to repress it directly, we tested whether cdk-1::gfp
expressionwasmodulated by the downstream effector LIN-29. Indeed,
knock-down of lin-29 by RNAi resulted in elevated levels and redis-
tribution of CDK-1/GFP, similar to the effect of let-7(n2853) (Fig. 6B).
Finally, this was also observed for RNAi of mab-10 (Fig. 6B), a
transcription co-factor that acts in concert with LIN-29 to promote
differentiation of the hypodermis (Harris and Horvitz, 2011). Thus, we
conclude that let-7 regulates cdk-1 indirectly, in a manner that requires
the LIN-29 transcription factor.
Conclusion
Using a genome-wide screen, we have identiﬁed and characterized
here 4200 suppressors of let-7 mutant phenotypes. In combination
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Fig. 4. Expression levels of novel let-7 suppressors are not affected in let-7 mutants.
Microarray analysis of somatic gene expression in let-7(mn112) null mutant in germline-
less glp-4(bn2) animals shows no changes in mRNA levels for genes identiﬁed as
suppressors of the let-7(n2853) bursting phenotype (marked in red). The known let-7
targets lin-41 and daf-12 are indicated in red for reference, cdk-1 in green.
pREP_unc-54
pREP_lin-41
pREP_cdk-1
pREP_cdc25.2
pREP_unc-54
pREP_lin-41
pREP_cdk-1
pREP_cdc25.2
wild-type let-7(n2853)
Fig. 5. The 30UTRs of cdk-1 and cdc-25.2 do not confer let-7-dependent regulation. (A) A hypodermis speciﬁc target reporter (wrt-2 promoter) containing gfp fused to the
unregulated unc-54 30UTR (pREP_unc-54) is expressed both in wild-type and let-7(n2853) background at the late L4 stage. (B–D) The reporter containing the lin-41 30UTR
(pREP_lin-41) is repressed in a let-7 dependent manner (B) while repression of reporters carrying the cdk-1 (pREP_cdk-1, C) or cdc-25.2 30UTR (pREP_cdc-25.2, D) in wild-type
worms is less extensive and persists in the let-7(n2853) background. Vulvae are marked with asterisks. Scale bar indicates 50 mm.
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let-7(n2853),
young adult
lin-29 RNAi
mab-10 RNAi
mock RNAi
Pcdk-1::cdk-1-gfp::cdk-1 3’UTR
let-7 wild-type; Pcdk-1::cdk-1-gfp::cdk-1 3’UTR
wild-type,
young adult
wild-type, L4 
Fig. 6. Repression of cdk-1::gfp depends on LIN-29 and MAB-10 (A) Expression of cdk-1::gfp from the cdk-1 promoter can be observed in seam cells (arrows) until the L4 stage.
GFP levels decrease during L4 stage in wild-type background. let-7(n2853) mutant animals continue to express cdk-1::gfp in adult stage. (B) Downregulation of cdk-1::gfp in
wild-type worms is lost upon RNAi-mediated knockdown of lin-29 or mab-10. Vulvae are marked with asterisks. Scale bar indicates 50 mm.
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with previous work using genetic enhancer screening (Parry et al.,
2007) and genomics analysis (Hunter et al., 2013) of let-7 mutant
strains, a comprehensive picture of the genetic interactome of let-7
becomes available, promoting a better understanding of this model
miRNA and key developmental regulator. Thus, among the newly
identiﬁed suppressors, we consider the ‘col-19 positive’ and the
‘double-positive’ genes to be of particular interest for studies of the
heterochronic pathway and miRNA function and regulation, respec-
tively. Our analysis of CDK-1, which we identiﬁed as a putative effector
of let-7 based on its placement in the ‘col-19-only’ class, illustrates the
utility of this approach: whereas CDK-1 was unremarkable in tran-
scriptome analysis, its proﬁciency in suppressing both let-7 mutant
lethality and hypodermis differentiation defects suggested a function-
ally relevant interaction with let-7, prompting us to test and conﬁrm
its regulation by let-7 and via LIN-29 through more speciﬁc means.
As let-7 controls cell proliferation, it must, at some level,
interface with the cell cycle machinery. However, an interaction
with the mitotic CDK-1 is unexpected, as the exit of seam cells
from proliferation is expected to occur in G1, not G2/M. Therefore,
based on the facts that LIN-29 also regulates the cell cycle inhibitor
CKI-1 (Hong et al., 1998) and that additional cell cycle genes occur
among the ‘col-19-only’ and the ‘double-positive’ suppressor
genes, we speculate that repression of CDK-1 might be part of a
larger program of repression of cell cycle genes during exit of seam
cells from proliferation. The observation that CDK functions are
plastic such that CDK1 can partially substitute for other CDKs
during mouse embryonic development (Santamaria et al., 2007)
might explain the need for its repression.
Interestingly, depletion of CDK-1 not only prevents seam cell
overproliferation in let-7 mutant animals, but also promotes
hypodermis differentiation by two criteria, expression of Pcol-
19::gfp, and formation of adult alae. Conceivably, this reﬂects a
tight coupling of cell proliferation and differentiation in the seam
so that differentiation ensues when proliferation is blocked.
However, we note that cdk-1(RNAi) also promotes Pcol-19::gfp
expression in the postmitotic hyp7, potentially reﬂecting a more
direct role on differentiation. Moreover, we ﬁnd that even pro-
liferating seam cells can express Pcol-19::gfp. For instance, we
observed that depletion of rnr-1, which codes for the large subunit
ribonucleotide reductase, promotes expression of Pcol-19::gfp
without preventing seam cell overproliferation. Thus, when scored
using the seam cell-speciﬁc scm::gfpmarker to visualize seam cells
(Koh and Rothman, 2001), let-7(n2853)mutant animals exposed to
mock or rnr-1(RNAi) have a comparable number of seam cells at
the young adult stage, i.e., an average of 23.6 cells (n¼22) and 22.5
(n¼21), respectively, per side, well above the wild-type 16. Yet
rnr-1(RNAi) promotes expression of col-19::gfp (Table S3). This
suggests that a potential coupling between cell cycle exit and
differentiation, if it exists, would be unidirectional.
Finally, the observation that the ‘double-positive’ group of
supressors contains a number of genes encoding structural com-
ponents of chromosomes and cell cycle factors, provides a further
illustration of the apparently complex relationship between let-7
function in the heterochronic pathway and the cell cycle. We
propose that our comprehensive genetic screen has thus opened a
new door to a deeper understanding of let-7 and miRNA function
more generally.
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